Intramembrane proteases signal by releasing proteins from the membrane, but despite their importance, their enzymatic mechanisms remain obscure. We probed rhomboid proteases with reversible, mechanism-based inhibitors that allow precise kinetic analysis and faithfully mimic the transition state structurally. Unexpectedly, inhibition by peptide aldehydes is non-competitive, revealing that in the Michaelis complex, substrate does not contact the catalytic center. Structural analysis in a membrane revealed that all extracellular loops of rhomboid make stabilizing interactions with substrate, but mainly through backbone interactions, explaining rhomboid's broad sequence selectivity. At the catalytic site, the tetrahedral intermediate lies covalently attached to the catalytic serine alone, with the oxyanion stabilized by unusual tripartite interactions with the side chains of H150, N154, and the backbone of S201. We also visualized unexpected substrate-enzyme interactions at the non-essential P2/P3 residues. These ''extra'' interactions foster potent rhomboid inhibition in living cells, thereby opening avenues for rational design of selective rhomboid inhibitors.
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Rhomboid proteases cut proteins in membranes. Cho et al. provide insights into the mechanism. They show that that proteolysis proceeds through two states and observe interactions that stabilize the substrate intermediate. They also find interactions that increase inhibitor potency.
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INTRODUCTION
Proteolysis inside the cell membrane lies at the regulatory core of many pathways that are paramount to the health of a cell (Brown et al., 2000; Chan and McQuibban, 2013; De Strooper and Annaert, 2010; Wolfe, 2009 ). Each of the four known families of intramembrane proteases continues to be implicated in diverse pathologies, including Alzheimer's disease, Parkinson's disease, cancer, malaria infection, hepatitis C virus maturation, tuberculosis virulence, and diabetes (Chan and McQuibban, 2013; De Strooper and Annaert, 2010; Manolaridis et al., 2013; Urban, 2009) . In contrast to soluble proteases, which are arguably the best understood enzymes and among the most effective therapeutic targets (Drag and Salvesen, 2010) , the catalytic mechanisms of these membrane-immersed enzymes are incompletely understood and have proved difficult to target effectively for therapeutic benefit (Golde et al., 2013) .
Inhibitors that chemically mimic intermediates in the reaction pathway offer a powerful means to dissect the enzymatic mechanism of a reaction (Hedstrom, 2002) . Kinetic analysis of inhibition can reveal how the reaction is ordered and/or functionally organized, while structural analysis can identify the specific atomic contacts that the enzyme forges to guide substrates through the catalytic steps. However, this powerful strategy has eluded the study of intramembrane proteolysis (Nguyen et al., 2015) ; kinetic analysis of catalysis inside the membrane has not been possible until only recently (Dickey et al., 2013; Kamp et al., 2015) . Moreover, inhibitor co-structures have been achieved thus far only with rhomboid proteases, and despite more than a dozen such high-resolution rhomboid-inhibitor structures in the Protein Data Bank (PDB) (Brooks and Lemieux, 2013) , all structural information is limited to irreversible inhibitors. These agents form adducts that distort the active site and thus offer limited insights into the reaction mechanism and do not permit kinetic analysis. In fact, no reversible inhibitors of any kind have yet been developed for studying rhomboid proteolysis (Nguyen et al., 2015) .
For serine proteases such as rhomboid, the ''committed step'' for proteolysis under physiological conditions is formation of the covalent acyl intermediate following nucleophilic attack by the catalytic serine; once a substrate reaches this step, it is destined to complete the cleavage reaction (Hedstrom, 2002) . Peptides with a C-terminal aldehyde moiety bind as substrates and, after attack on the terminal aldehyde carbon by the protease, arrest the reaction. The resulting catalytic complex faithfully mimics the key high-energy tetrahedral transition state that must be stabilized by the enzyme for catalysis to proceed (Hedstrom, 2002) .
Peptide aldehydes offer several notable advantages for interrogating the enzymatic mechanism of rhomboid proteases. First, because peptide aldehydes resemble substrates precisely and inhibit the protease reversibly, they allow detailed kinetic analysis. Structurally, because the only reaction is between the serine nucleophile and a true carbonyl, peptide aldehydes avoid the unnatural alkylation of the catalytic histidine base that besets isocoumarins or chloromethylketones, which ultimately distort the active site by crosslinking the catalytic serine and histidine residues ( Figure 1A ). The atom being attacked during catalysis with peptide aldehydes is a carbonyl carbon that generates a true oxyanion, unlike with phosphonates or sulfonylfluorides (Powers et al., 2002) , in which the oxygen is not negatively charged and is connected to a non-carbon atom ( Figure 1A ).
Finally, using peptide aldehydes overcomes the naturally low affinity of rhomboid for substrates by stabilizing the natural covalent attachment step that follows serine attack, while observing covalent linkage provides assurance that substrate had adopted a catalytically competent conformation. . Nucleophilic attack by the serine oxygen of rhomboid (blue) results in a covalent tetrahedral intermediate that differs only at one substituent between aldehydes (hydrogen, red) and natural substrates (black). Both produce an identical oxyanion (pink) that rhomboid must stabilize through electrophilic catalysis. Inhibitor adducts that deviate from natural proteolytic intermediates are shaded with red ovals (see text). (B) Summary of the 11 substrate peptides used in this study (Ac denotes acetylation, CHO is an aldehyde, NH2 is an amide, and CMK is a chloromethylketone). (C) Comparison of GlpG inhibition by various peptides. GlpG was assayed in real time while reconstituted in liposomes formed from E. coli lipids, and peptide aldehydes were added to proteoliposomes when the proteolytic reaction was initiated (without pre-incubation). v o and v i denote initial rates in the absence and presence of inhibitors, respectively. Only Ac-RKVRMA-CHO inhibition was modeled by including an inaccessibility parameter (see Figure S1A ). (D) Kinetics of inhibition by Gurken peptide aldehydes was non-competitive (also see Figure S1B ). Left: initial reaction rates versus substrate concentration in the presence or absence of peptide aldehydes are plotted. Right graph compares the resulting K M and V max parameters under different inhibitor concentrations. Note that for competitive inhibition, K M would increase in response to inhibitor concentration, while V max would be unaltered. For non-competitive inhibition, K M would be unaffected, but V max would decrease in response to inhibitor concentration. p values of parameter differences relative to no inhibitor controls are shown above each bar.
We recently developed an inducible, real-time assay capable of quantifying the kinetics of proteolysis directly inside the membrane (Dickey et al., 2013) . Therefore, to gain a better understanding of the mechanism underlying intramembrane catalysis, we sought to adapt this approach to characterize the inhibition kinetics of substrate-mimicking peptide aldehydes. Next, because mounting evidence indicates that cell membranes affect the properties of rhomboid proteases beyond just serving as their environment (Bondar et al., 2009; Moin and Urban, 2012; Urban and Moin, 2014; Vinothkumar, 2011) , we developed conditions to crystallize a catalytically active rhomboid protease in a membrane. Soaking rhomboid crystallized from bicelles with the most potent substrate peptide aldehydes produced high-resolution structures that revealed the characteristics of substrate stabilization during catalysis by a membrane-immersed rhomboid protease. Finally, we unexpectedly visualized ''extra'' substrate-enzyme interactions that we subsequently found are able to drive rhomboid inhibition to completion in living cells, thereby opening avenues for the rational and selective design of rhomboid inhibitors.
RESULTS

Kinetic Analysis of Peptide Aldehyde Inhibition
Because the kinetics of inhibition have not been studied within the membrane, our first goal was to adapt our inducible reconstitution assay to study the inhibition kinetics of peptide aldehydes directly within the membrane. We therefore modeled a series of peptide aldehydes ( Figure 1B ) on three well-studied rhomboid substrates (Strisovsky et al., 2009; Urban et al., 2002) , namely, TatA, Spitz, and Gurken, and examined their ability to inhibit GlpG, the rhomboid protease from Escherichia coli, reconstituted within the membrane. A key feature of our approach is the fact that both substrate and peptide aldehydes engage the active protease together at the start of the reaction (without needing to pre-incubate rhomboid with inhibitor as in prior studies).
Although most peptide aldehydes had K i values in the millimolar range, Gurken hexapeptide and tetrapeptide aldehydes proved to be more potent inhibitors of GlpG ( Figure 1C ). The Gurken tetrapeptide aldehyde Ac-VRMA-CHO exhibited a K i of 113 ± 4 mM, and there was a further increase in potency with the hexapeptide aldehyde Ac-RKVRMA-CHO. As anticipated, inhibition required the aldehyde moiety, because replacing it with an amide raised K i by >20-fold. This is consistent with rhomboid displaying weak affinity for substrates (Dickey et al., 2013) and forming a reversible covalent product with peptide aldehydes.
Contrary to expectation, the mode of inhibition proved to be non-competitive ( Figure 1D ), with no significant change in K M (p = 0.16-0.80) but a strong and dose-dependent decrease in V max (p = 2.1 3 10 À9 to 2.0 3 10
À13
). This was also clearly reflected in the residuals when we compared fitting the kinetic data to a competitive versus a non-competitive model. Moreover, we observed non-competitive inhibition with tripeptide (Ac-RMA-CHO), tetrapeptide (Ac-VRMA-CHO), and hexapeptide (Ac-RKVRMA-CHO) aldehydes ( Figure S1 ) and with Providencia stuartii AarA (a rhomboid protease with seven transmembrane segments that shares <15% identity with E. coli GlpG). Taken together, these observations suggest that non-competitive inhibition is the mechanism by which peptides based on substrate sequences preceding the cleavage site inhibit rhomboid proteases.
Crystallization of an Active Rhomboid Protease in a Membrane
We next sought to reveal the atomic basis of how peptide aldehydes interact with rhomboid as it catalyzes proteolysis in the membrane environment. Prior work established that an inactive mutant of E. coli rhomboid GlpG, whose structure has been studied extensively (Brooks and Lemieux, 2013) , can be crystallized from a membrane bicelle (Figure 2A ) (Faham and Bowie, 2002; Vinothkumar, 2011) . Although such an inactive mutant prohibits studying catalysis, this strategy provided a starting point for crystallizing an active rhomboid in a membrane. We therefore searched our bank of >200 GlpG mutants for those that maintain activity and structural stability (Baker and Urban, 2012) and ultimately succeeded in crystallizing an active GlpG variant (Y205F) in a membrane ( Figure 2B ). Notably, phenylalanine at position 205 occurs naturally in many rhomboid orthologs (Bondar et al., 2009) , had no effect on the structural stability of GlpG (Figure 2C) , and slowed proteolytic rate less than 2-fold ( Figure 2D ). This is a very mild effect, because the natural variation in catalytic rate between rhomboid orthologs ranges $10,000-fold (Dickey et al., 2013) .
The resulting structure revealed a gate-open conformer with lateral displacement of the entire TM5 gating helix and fully disordered overlying L5 Cap loop, while the rest of the protein was unchanged relative to the closed state ( Figure 2B ). We next used this open conformer of rhomboid in a membrane environment as an excellent starting point for visualizing substrate binding and catalysis.
Structure of Rhomboid in Catalytic Complex with Peptide Aldehydes
To form the catalytic complex, we reacted GlpG in the open conformation crystallized from a membrane bicelle with our most potent Gurken peptide aldehydes. After iterative optimization, we ultimately succeeded in collecting four data sets that differed in reaction conditions and ranged from 2.2-2.4 Å in resolution and solved the resulting structures using molecular replacement ( Figure 3A ; Table 1 ).
Globally, only minor changes in the protease accompany substrate binding and catalysis ( Figure 3B ). The greatest changes occurred in the extracellular L5 loop to the top of TM6. In the open conformer, the distal part of the L5 Cap became ordered, while TM5 maintained its open form ( Figure 3B ). The small size of our peptide aldehydes also allowed us to form complexes with gate-closed GlpG, which defined the minimal movements necessary for catalysis ( Figure 3C ). When we used the gateclosed form as a starting point, residues of the extracellular L5 loop and extending to the top of TM6 were displaced outward by substrate ( Figure 3C ). Excluding these 13 residues, the root-mean-square deviation (rmsd) along the remaining 158 alpha carbons of GlpG was only $0.65 Å . Moreover, the catalytic residues themselves maintained positions that were very similar to their arrangement in the apoenzyme ( Figure 3D ). These minor changes reveal that the apoenzyme monomer observed in most structures is in the catalytically active form, although it must be realized that natural substrates are much longer, and greater motions away from the active site undoubtedly are required to accommodate intramembrane proteolysis normally.
The Tetrahedral Intermediate
At the active site, the electron density of catalytic S201 was continuous with the substrate alanine aldehyde residue, indicating that covalent catalysis indeed took place (Figures 3A and 3E) . Interestingly, catalytic H254 moved slightly but still made a hydrogen bond to S201 (at distances of 2.85 and 3.11 Å in the tripeptide and tetrapeptide structures, respectively). The aldehyde carbon was tetrahedral, thus mimicking the transition state and directly revealing the enzyme contacts that stabilize it during catalysis.
Nucleophilic attack of the peptide carbonyl by the serine generates a negatively charged oxygen, the oxyanion (Figure 2A ), that must be stabilized in the transition state for catalysis to proceed (Henderson, 1970) . This key electrophilic catalysis feature of rhomboid proteases has been difficult to define, because prior studies used diverse non-peptidic inhibitors that suggested a series of possible interactions and at various distances (Vinothkumar et al., 2010 ; initial structures with isocoumarins suggested backbone interactions with L200 and S201 and weak (3.4 Å distance) side-chain interactions with H150 and N154, while the most recent b-lactam and chloromethylketone structures have the oxygen moiety positioned outside the oxyanion hole Zoll et al., 2014) . Our complex structure with a true peptide oxyanion now resolves these discrepancies ( Figure 3E ): the oxyanion hole of rhomboid is ultimately tripartite, being formed by the side chain of H150 (2.69 Å distance), amide backbone of catalytic S201 (2.91 Å distance), and the side chain of N154 (3.04 Å distance).
Extended Substrate Interactions
Beyond the site of catalysis, the substrate makes a network of interactions with the enzyme, some of which explain previously enigmatic observations. We recently engineered and quantified the effect of $200 mutants on both rhomboid structural stability and protease activity (Baker and Urban, 2012) . Residues in the third extracellular loop (L3) in particular are generally not conserved and have little effect on enzyme architecture, yet dramatically compromise proteolytic activity (Baker and Urban, 2012) . Although the basis for this was unclear, the substrateenzyme structure now reveals that L3 makes a collection of close backbone interactions with the substrate (Figure 4A ), the geometry of which is most likely perturbed by even subtle side-chain alterations in L3.
In fact, most enzyme-substrate interactions are backbone interactions ( Figure 4A ), explaining why rhomboid proteases display rather broad sequence selectivity (Akiyama and Maegawa, 2007; Moin and Urban, 2012; Strisovsky et al., 2009) . A total of five hydrogen bonds formed between the substrate backbone and two enzyme loops: three with the inner L3 loop and two with the overlying L5 loop. Moving along the substrate from the site of catalysis (in the substrate termed P1 and moving sequentially outward from the aldehyde to P4), the five sites of contact are P1 NH with CO of G198 (L3), P2 CO with NH of A250 (L5), P2 NH with CO of S248 (L5), P3 CO with NH of G198 (L3), and P3 NH with CO of W196 (L3).
A number of restrictions have been mapped in substrate side chains that rhomboid proteases can accommodate, the structural basis of which is now revealed in the substrateenzyme complex. In particular, rhomboid enzymes normally cleave only after small side chains (Akiyama and Maegawa, 2007; Moin and Urban, 2012; Strisovsky et al., 2009 ). However, the methyl group of the alanine points into a surprisingly large cavity ( Figure 4B ), part of which we previously proposed forms a water-retention site (Zhou et al., 2012) . All three waters were unperturbed upon substrate binding, and the substrate-enzyme interaction at this restricted P1 site was surprisingly loose, again consistent with low affinity for substrates (Dickey et al., 2013 ). Yet changing the P1 alanine to valine alone severely compromised peptide aldehyde inhibition of GlpG ( Figure 4C ).
Another side-chain preference has been found at P4 (Strisovsky et al., 2009) , where some, but not all Parussini et al., 2012) , rhomboid enzymes prefer large hydrophobic residues. The substrate P4 valine formed hydrophobic interactions with F146 and M120 on the L1 loop ( Figure 4D ). However, this too was a rather shallow interaction, and reacting GlpG with a tripeptide missing the P4 residue entirely produced a nearly identical substrate conformation ( Figure 4E ). This observation suggests that the P4 residue has limited impact on GlpG catalysis. Indeed, mutation of large substrate residues at both P4 and P2 0 (I5A+F10A) that dramatically reduce proteolysis by 100-fold with its natural rhomboid protease P. stuartii AarA (Dickey et al., 2013) reduced E. coli GlpG cleavage by only 2-fold ( Figure 4F ). Even providing a large phenylalanine at the P4 residue did not enhance peptide aldehyde inhibitor potency against GlpG ( Figure 4G) .
Moving further outward, we extended our structural analysis to Gurken hexapeptide aldehydes ( Figure 4H ). However, the N-terminal P5 and P6 residues were disordered in our structure, and their presence did not alter the position of P1-P4, arguing that GlpG does not contain specific substrate-interacting subsites beyond P4.
Unexpected Stabilizing Interactions at P2 and P3
Particularly surprising were interactions made by the P2 and P3 side chains, because these positions were thought to be completely unrestricted in substrates (Akiyama and Maegawa, 2007; Moin and Urban, 2012; Strisovsky et al., 2009 ). Indeed, both side chains pointed upward and out from the active site ( Figure 5A ), explaining the apparent lack of restriction at these substrate positions. Nevertheless, the P3 arginine of Gurken in particular made ''extra'' contacts ( Figure 5B) ; its guanidinium group made a series of interactions with the top surface of the L5 loop, including directly with the CO of the M247 backbone, as well as the side chains of S248, N251, and S193 (on L3), potentially through bridging water molecules. To evaluate the contribution of these side-chain interactions to affinity, we mutated the corresponding residues individually in GlpG to alanine and quantified the ability of the Gurken tetrapeptide aldehyde to inhibit the GlpG variants ( Figure 5C ). The N251A mutant alone proved to be 3-fold less sensitive to peptide aldehyde inhibition (p = 6.4 3 10 À11 ), while S248A conferred a mild (1.5-fold) but significant (p = 0.00015) reduction in inhibition. Even mutating M247, which makes a backbone interaction with the arginine side chain, increased K i by $2-fold (p = 5.4 3 10 À7 ), perhaps by altering conformation of the L5 loop. In contrast to these L5 residues, mutating the L3 residue S193 that may also make a distant interaction with the P3 arginine did not affect inhibition (p = 0.51). Consistent with a network of interactions between GlpG and the P3 residue, combining these GlpG loop mutants proved to be synergistic ( Figure 5D ). The S248A+N251A double mutant became 6-fold less sensitive to inhibition, while further incorporating S193A into a triple mutant decreased inhibition by 7.6-fold. As such, residues within the L5 loop provide multifaceted stabilizing interactions with the P3 side chain, with additional minor contributions offered by other nearby residues, including S193.
To evaluate the functional consequences of these interactions in substrate processing in living cells, we made the corresponding R243A mutant in full-length Gurken and found that even this single mutant reduced processing of Gurken in living E. coli cells by $2-fold ( Figure 5E ). These unanticipated ''extra'' interactions may thus explain ''sequence contexts'' that lead to some substrates being cleaved more efficiently than others (Akiyama and Maegawa, 2007; Moin and Urban, 2012; Strisovsky et al., 2009 ). Finally, because the rhomboid:substrate interactions that we visualized at P3 had an effect even on processing of a fulllength substrate, we examined whether these interactions play a particularly important role in achieving inhibition of rhomboid by small molecules. In agreement with this postulate, we found that a Gurken tetrapeptide aldehyde with just its P3 residue changed to alanine, as occurs naturally in the TatA substrate, was 10-fold less potent at inhibiting GlpG (Figure 5F ). As such, our structural and kinetic observations reveal how contacts at ''unrestricted'' positions can make ''extra'' stabilizing interactions that dramatically increase inhibitor potency.
Peptide Aldehydes Are Potent and Specific Rhomboid Inhibitors in Living Cells
Our serendipitous discovery potentially offers a strategy for the rational design of small-molecule rhomboid inhibitors that are effective in living cells. Prior groundbreaking high-throughput screens of >58,000 compounds using detergent-solubilized rhomboid enzymes identified a series of b-lactams that proved to be potent inhibitors in vitro but failed to block endogenous GlpG activity completely in E. coli cells even when pre-incubated with cells prior to inducing substrate expression (Pierrat et al., 2011) . We therefore examined whether our peptide aldehydes were effective in vivo by examining their activity against endogenous GlpG in the same E. coli strain.
Adding Ac-VRMA-CHO to growing E. coli cells resulted in a complete block to TatA-Flag processing by GlpG, and this block did not require pre-incubating cells with inhibitor prior to inducing substrate expression ( Figure 6A ). As expected, inhibition relied on the aldehyde moiety, because converting it to an amide in Ac-VRMA-NH 2 abolished inhibition completely. Even the apparent half maximal inhibitory concentration (IC 50 ) of Ac-VRMA-CHO (98 ± 11 mM) was indistinguishable from the K i (113 ± 4 mM) that we measured using our proteoliposome system ( Figure 6B ), indicating that proteoliposomes are an effective mimic of GlpG in the natural setting of the E. coli membrane.
We next examined whether the ''extra'' elements we found to be important for inhibition in vitro are required for blocking GlpG activity in living cells ( Figure 6C ). Importantly, substituting the P3 arginine with alanine essentially abolished inhibitor efficacy, again indicating that, in addition to the much studied P4 and P1 residues, ''extra'' interaction at neglected residues can be very effective at driving inhibitor potency.
Contrary to expectation, however, we discovered that converting the aldehyde moiety to a chloromethylketone warhead in our tetrapeptides actually compromised inhibitor potency by nearly an order of magnitude ( Figure 6C ). To date, all rhomboid (G) Inhibition kinetics of the indicated P4 Gurken tetrapeptide aldehydes.
(H) Overlay of the tetrapeptide (gray) and hexapeptide (orange) substrate conformation in the GlpG active site. Shown in mesh is the experimental electron density map (2F o -F c at 2s), revealing that the P5 and P6 residues (hypothetically drawn in ball and stick) were disordered and thus not making specific contacts with GlpG.
inhibitors are irreversible and form covalent adducts with the protease (Nguyen et al., 2015) , which is thought to increase inhibitor potency. Instead, our analysis indicates that the key element for achieving effective inhibition of rhomboid in vivo is a reversible warhead. Finally, although we did not set out to develop a potent inhibitor, even our limited series of peptide aldehydes already yielded an inhibitor that was effective at blocking endogenous GlpG activity in living E. coli cells with an IC 50 in the low micromolar range: Ac-RKVRMA-CHO displayed an IC 50 of 2.9 ± 0.3 mM (Figure 6D) . These early observations provide proof of principle for using reversible warheads and cultivating ''extra'' interactions at nonessential substrate positions as a promising strategy for developing rhomboid inhibitors.
DISCUSSION
In conclusion, we integrated kinetic analysis of rhomboid inhibition by substrate-mimicking peptide aldehydes with highresolution X-ray crystallography to interrogate the enzymatic mechanism of rhomboid proteases. An important advance is our ability to study rhomboid catalysis with reversible inhibitors and entirely inside the membrane (both kinetically and crystallographically), which is known to affect the catalytic properties of these membrane-immersed enzymes (Bondar et al., 2009; Moin and Urban, 2012; Urban and Moin, 2014; Vinothkumar, 2011) . Ultimately, we identified an additional, early step in the kinetic scheme for rhomboid proteolysis, visualized several key features of rhomboid catalysis at atomic resolution, and, unexpectedly, discovered a promising alternative avenue for targeting these enzymes.
Inhibition Kinetics Identify Two Distinct SubstrateBound Complexes
Particularly unusual but very informative is the non-competitive mode of inhibition by substrate-mimicking peptide aldehydes, because it reveals that rhomboid proteases exist in two distinct substrate-bound forms (Figure 7 ). To result in non-competitive inhibition, peptide aldehydes must, by definition, be able to bind to the substrate-enzyme Michaelis complex. Importantly, in addition to structural analysis, we further validated the catalytic center as the binding site that leads to this non-competitive inhibition by engineering ''resistant'' mutants in GlpG that compromised peptide aldehyde inhibition. Therefore, in the Michaelis complex, substrate does not contact the catalytic center.
Non-competitive inhibition exhibited by substrate peptide aldehydes reveals what is likely to be the organizing feature underlying rhomboid proteolysis. We previously speculated that, by analogy to DNA glycosylases (Friedman and Stivers, 2010) , rhomboid proteases could exist in two forms: the interrogation complex and the scission complex (Dickey et al., 2013) . Initial binding of a substrate transmembrane segment laterally in the membrane to a gate-open rhomboid would form the interrogation complex, which in kinetic terms is the Michaelis complex. At this point, a ''pause'' would give those transmembrane segments that are predisposed to unwind an opportunity to extend toward the inner site of catalysis, while those that do not unwind could not be cleaved and are ultimately ejected (Dickey et al., 2013; Moin and Urban, 2012) . This has functional implications, because it gives rhomboid a separate step for discriminating substrates from non-substrates, but this step would render the substrate-bound Michaelis complex nevertheless sensitive to peptide aldehyde attack. The non-competitive mode of inhibition now provides direct experimental evidence for two such functionally separate states of the protease.
The kinetic scheme for rhomboid proteolysis has, therefore, a step in which a conformation change converts the Michaelis complex to a catalytic complex. This is an important distinction, because it corrects a recent study with peptide chloromethylketones bound at the catalytic center that was assumed to be the Michaelis complex (Zoll et al., 2014) . This was an entirely reasonable assumption at the time, because the kinetic mode of inhibition could not be determined in that study because rhomboid had to be pre-incubated with the irreversible inhibitors for 3 hr prior to adding substrate.
We next used X-ray crystallography to visualize the catalytic features of the scission complex itself, namely, covalent linkage between substrate and nucleophilic serine, the tetrahedral intermediate formed by substrate, electrophilic stabilization of the oxyanion by rhomboid, and the network of interactions that secure substrate for catalysis.
Electrophilic Catalysis and Oxyanion Stabilization
The decisive step in serine protease catalysis is formation of the high-energy transition state tetrahedral intermediate. In fact, although most attention is usually paid to the nucleophilic attack by the serine, progressing through this step absolutely relies on enzymatic stabilization of the oxyanion. Our work here finally reveals the true nature of this electrophilic form of catalysis by rhomboid proteases, because it visualizes a peptide with a true tetrahedral carbon and oxyanion. Prior structures observed a variety of oxyanion interactions and distances, which have been confounding to extrapolate to natural proteolysis because the inhibitors that were studied distort the catalytic center by covalently attaching to both the catalytic serine and histidine, and/or were not peptidic, and/or did not produce a carbon-oxyanion (Vinothkumar et al., 2010 Vosyka et al., 2013; Zoll et al., 2014) .
Interestingly, the mechanism of oxyanion stabilization in rhomboid also proved to be unexpected, because it is tripartite, which has not, to our knowledge, been observed previously for any protease. This multifaceted oxyanion stabilizing network might also explain the long-standing puzzle of why mutating the asparagine residue compromises protease activity to different extents in different rhomboid enzymes (Urban et al., 2001) ; local geometric differences in some rhomboid enzymes might allow them to compensate more easily than others for the absence of asparagine during oxyanion stabilization.
Distal Rhomboid:Substrate Interactions
Beyond the site of catalysis, we also visualized the network of distal rhomboid:substrate interactions. Rhomboid proteases generally display broad sequence selectivity, and indeed the predominant substrate:enzyme interactions were backbonebackbone interactions with the extended substrate chain sandwiched between the L3 and L5 loops. Nevertheless various substrate mutagenesis studies have converged on the importance of small P1 residues for substrate cleavage (Akiyama and Maegawa, 2007; Moin and Urban, 2012; Strisovsky et al., 2009 ). Contrary to expectation, the P1 methyl side chain points into a surprisingly large cavity that could potentially accommodate valine, yet valine in this position blocks cleavage completely (Dickey et al., 2013; Strisovsky et al., 2009) . This large cavity contains three water molecules that we previously identified and postulated form a water-retention site to aid proteolysis (Zhou et al., 2012) . The stark requirement for small residues at P1 may thus not be steric but rather may result from a disruptive effect larger side chains may have on the water-retention site. It must be emphasized that further analysis is required to test this hypothesis.
Some rhomboid enzymes (Strisovsky et al., 2009 ), but not others Parussini et al., 2012) , also display a preference for hydrophobic P4 residues for efficient substrate proteolysis. With GlpG, the P4 side chain forms a shallow but specific interaction with the top of the L1 loop. However, because GlpG has only a mild preference for large residues at this position, visualizing a P4-dependent rhomboid like AarA would provide more information. More distant residues appear to have limited effect on proteolysis; both P5 and P6 residues were disordered in our structure, arguing that GlpG does not contain specific substrate-binding subsites beyond P4. The P1 and P4 interactions we observed are consistent with a beautiful study that used peptide chloromethylketones modeled on the TatA substrate (Zoll et al., 2014) ; despite major differences in warhead chemistry and peptide sequence, the overall distal contacts are similar, providing confidence that these approaches are revealing true characteristics of extended substrate:rhomboid interactions.
Unexpected Substrate Interactions Drive Rhomboid Inhibition
More surprising and potentially useful are the unexpected P2 and P3 interactions we discovered, because these positions were thought to be unrestricted in rhomboid substrates, and the side chains capable of making these interactions were not studied in other structures (Strisovsky et al., 2009; Zoll et al., 2014) . Indeed, although the side chains face up and out of the active site, they make fortuitous yet highly stabilizing interactions. The series of ''extra'' P3 arginine contacts with the L5 loop alone increase peptide aldehyde potency by $10-fold, yield inhibitors that are effective without requiring any pre-incubation with rhomboid, and are able to block proteolysis inside the membrane (rather than in detergent, which renders the active site more accessible). In fact, these peptide aldehydes were effective at inhibiting endogenous rhomboid activity to completion in living E. coli cells.
An even more surprising feature that proved to be critical for effective inhibition in vivo was the reversible aldehyde warhead itself. It is widely (and reasonably) assumed that irreversible inhibitors are more potent, because they trap proteases covalently in dead-end complexes. This, however, turned out to be A rhomboid protease is drawn in blue, with the substrate transmembrane helix in green, and the aldehyde moiety of the substrate-mimicking peptide aldehyde inhibitor depicted as a red star. The white S (scission site) in rhomboid marks the inner site of catalysis, while the I (interrogation site) indicates the peripheral gateopen site to which transmembrane segments first dock. We previously determined experimentally that K M is equal to K d for rhomboid proteolysis (Dickey et al., 2013). incorrect with rhomboid, because identical peptides harboring the well-studied irreversible chloromethylketone warhead in place of the aldehyde were $10-fold less effective at inhibiting rhomboid in living cells. Whether this results from the unusual catalytic properties of rhomboid proteases (Dickey et al., 2013) and/or reflects chemical differences imparted by the membrane environment remains to be determined. Nevertheless, these observations should motivate a re-evaluation of current strategies for rhomboid inhibition, which are centered entirely on irreversible warheads (Nguyen et al., 2015) . In simple terms, starting with reversible warheads such as aldehydes and systematically cultivating interactions at neglected ''nonessential'' positions in substrates may prove to be an untapped but valuable strategy for the rational design of selective rhomboid inhibitors.
Finally, although this marks a promising start both to understanding catalysis in the membrane and discovering opportunities for its selective inhibition, additional high-resolution structures are essential to achieving a full understanding of rhomboid proteolysis. We now have structures of the catalytic scission complex but an obvious lingering gap is the Michaelis complex, which remains a mystery. Nevertheless, our current efforts establish a platform for leveraging the unusual features of rhomboid proteases to achieving these goals for this fascinating but incompletely understood class of membrane-immersed enzymes.
EXPERIMENTAL PROCEDURES
Protein Purification, Crystallization, Data Collection, and Refinement E. coli GlpG (DN-GlpG: residues 87-276) was expressed and purified as described (Dickey et al., 2013) . Thermostability analysis was performed using a StarGazer-384 differential static light-scattering system (Harbinger Biotech) as described in detail previously (Baker and Urban, 2012) . For structural analysis, all rhomboid enzymes were expressed and purified under identical conditions, indicating that differences in conformation result mainly from their final environment (detergent versus bicelle) during crystallization. The active DN-GlpG Y205F variant was crystallized from a bicelle composed of DMPC/ CHAPSO (2.8:1) that was prepared using a previously developed method as described (Faham and Bowie, 2002) . Reservoir buffer contained 0.1 M NaOAc (pH 5.5), 3M NaCl, and 5% ethylene glycol. Crystals of DN-GlpG in the gateclosed form were obtained in hanging drops at room temperature over a reservoir containing 0.1 M Tris (pH 8.5), 3 M NaNO 3 , and 15% glycerol. Peptide aldehydes were custom synthesized commercially using solid-phase chemistry, purified to >90% purity by reverse-phase high-performance liquid chromatography, and verified by mass spectrometry. Crystals were incubated with 2.5 mM peptide aldehydes in reservoir buffer for 7-24 hr at room temperature to generate the substrate complex, and flash-frozen in a nitrogen stream. X-ray diffraction data were collected at the Cornell High Energy Synchrotron Source, processed with iMosflm 1.0.7, and scaled with Aimless in the CCP4 program suite. Structures were solved by molecular replacement using Molrep. Electron density maps calculated from the solution of molecular replacement clearly revealed density directly above of connected with catalytic S201, and was modeled as the substrate aldehyde. Structures were further refined by refmac5 and PHENIX with iterative manual model building using COOT.
In Vitro Rhomboid Proteolysis Assay
Real-time kinetic assays were performed as described (Dickey et al., 2013) : 2-80 pmoles of rhomboid were mixed with 30 mg of liposomes formed from an E. coli polar lipid extract (Avanti Polar Lipids) and 25-1,600 pmoles of fluorescein isothiocyanate (FITC)-TatA substrate in 50 mM Na-acetate (pH 4.0) and 150 mM NaCl. Proteoliposomes were formed by rapid dilution and collected by ultracentrifugation at 600,000 3 g for 30 min, and proteolysis was initiated by neutralizing proteoliposomes with 50 mM Tris (pH 7.4) and 150 mM NaCl (and simultaneously adding peptides without pre-incubation for inhibition experiments). Because membranes quench FITC-TatA, rhomboid-mediated proteolytic release was monitored at 37 C in real time by quantifying FITC fluorescence in a Synergy H4 Hybrid plate reader (BioTek). For inhibition experiments, initial rates were extracted from progress curves monitored in real time, and reduction in rate was plotted as a function of inhibitor concentration and modeled using the R environment with the equation
in which v 0,I and v 0 are initial rates in the presence and absence of inhibitor, respectively.
Analysis of Rhomboid Proteolysis and Inhibition in E. coli Cells
The GlpG + E. coli K12 strain NR698 (kind gift from Tom Silhavy, Princeton University) that allows more accurate IC 50 determination by rendering the outer membrane more permeable to small molecules (Ruiz et al., 2005) was used to generate a DGlpG strain in a two-step process. First, we introduced GlpG::Kan through P1-mediated transduction and then excised the Kan gene using FRT-mediated recombination. The wild-type and DGlpG strains were transformed with pBAD-PsTatA-Flag (Dickey et al., 2013) and grown in LB + ampicillin to an optical density at 600 nm of $0.4 by shaking cultures at 250 rpm at 37 C. Expression of the PsTatA-Flag substrate was then induced by adding arabinose to 25 mM or 1 mM, the indicated peptides were added to the induced cultures, and the cultures were grown for 2 hr, shaking at 250 rpm at 37 C. Whole-cell lysates were prepared by pelleting 0.8 ml of each culture and resuspending the cell pellets in reducing Tricine-SDS sample buffer (Life Technologies) and lysed by sonication. Proteins were resolved on 16% Tricine-SDS-PAGE gels (Life Technologies), transferred to nitrocellulose using the Trans-Blot Turbo system (Bio-Rad), and probed with the indicated antibodies. Immune complexes were visualized and quantified by infrared laser scanning on an Odyssey imager (Li-Cor Biosciences).
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